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The rare decays K+ → pi+νν¯ and KL → pi0νν¯ are extremely attractive processes to study flavor
physics because they are both exceptionally clean from a theoretical point of view These modes
are measured by the experiments NA62 at CERN in Switzerland and KOTO at J-PARC in Japan,
respectively. The latest results from these experiments together with future prospects are presented.
The NA62 experiment has, besides the main goal, a rich physics program on other rare kaon decays
which will be also discussed.
I. INTRODUCTION
Kaon physics is still in the main scope of both theo-
retical and experimental physics. The ultra rare kaon
decays K+ → pi+νν¯ and KL → pi0νν¯ are particularly
of interest. They have very precise theoretical pre-
diction that makes them sensitive to physics beyond
the Standard Model (SM). So far only the charged
mode has been observed by the experiments E787 and
E949 at Brookhaven National Laboratory [1]. The re-
sult obtained with a kaon decay-at-rest technique is:
BR(K+ → pi+νν¯) = (17.3+11.5−10.5) × 10−11, consistent
with the SM expectation within its large statistical un-
certainty. The neutral mode has an upper limit at 90%
CL BR(KL → pi0νν¯) < 2.6×10−8 set by the E391a ex-
periment [2]. The NA62 experiment aims to measure
the branching ratio of the K+ → pi+νν¯ decay with
an error comparable to the theoretical prediction and
the KOTO experiment wants to make an observation
of the neutral mode.
The NA62 experimental apparatus can measure
a variety of other processes besides the main goal.
Specifically, the further physical program includes
search for Heavy Neutral Leptons (HNL), Lepton
Flavour and Lepton Number Violation (LFV and
LNV), searches for dark photons, inflatons, etc.
II. PHYSICS MOTIVATION
The K+ → pi+νν¯ and KL → pi0νν¯ modes are
flavor changing neutral current (FCNC) decays that
are theoretically exceptionally clean. They pro-
ceed through box and electroweak penguin diagrams
and, thanks to a quadratic GIM mechanism and
a strong Cabibbo suppression, are extremely rare. Us-
ing the value of tree-level elements of the Cabibbo-
Kobayashi-Maskawa (CKM) matrix as external in-
puts, the SM predicts [3, 4]:
BR(K+ → pi+νν¯) = (8.4± 1.0) · 10−11,
BR(KL → pi0νν¯) = (3.4± 0.6) · 10−11. (1)
The theoretical origin of these processes is domi-
nated by short distance contribution without hadronic
uncertainties as the hadronic matrix elements are ex-
tracted from the well-known decay K+ → pi0e+ν. As
the perturbative QCD and electroweak corrections in
both decays are under full control, the theoretical er-
ror budget within the SM is dominated by the CKM
parameter uncertainties.
The K → piνν¯ decays are extremely sensitive to
physics beyond the SM, probing the highest mass
scales among the rare meson decays. Large devi-
ations are expected in several beyond the SM sce-
narios [5]. For example, the tree-level FCNC me-
diated by heavy gauge boson (Z ′) [6], should show
a specific correlations between BR(K+ → pi+νν¯) and
BR(KL → pi0νν¯). In the recent models with Lepton
Flavour Universality violation [7], the anomalies ob-
served in the semileptonic B meson decays could be
linked to BR(K+ → pi+νν¯) measurement.
III. EXPERIMENTAL SETUP
A. NA62
The NA62 experiment uses the protons from
the CERN SPS accelerator, which impinge on a beryl-
lium target and produce a secondary hadron beam
at nominal momentum of 75 GeV/c and 1% momen-
tum spread (rms) at 750 MHz, about 6% of which are
kaons. The beam is accompanied by a muon halo
at the nominal rate of 3 MHz in the detector ac-
ceptance. The first upstream detectors are the Dif-
ferential Cerenkov counter (KTAG) used to identify
K+ in the beam, the silicon pixel beam spectrom-
eter GTK and the Charged Anti-counter detector,
used to suppress products of inelastic interactions in
the GTK. They are followed by a 110 m long vac-
uum tank dfining the fiducial volume (FV) in first
60 m, where about 13% of the K+ entering the ex-
periment decay. It contains the four tracking stations
of the magnetic spectrometer. Around the vacuum
tube twelve ring-shaped Large Angle Vetoes (LAV)
are located with increasing diameter with distance
from the target, which together with the electromag-
netic Liquid Krypton calorimeter (LKr), the Inner
Ring Calorimeter (IRC) and Small Angle Calorime-
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ter (SAC) provide hermetic acceptance for photons
emitted in the K+ decays for polar angle up to 50
mrad. A Ring-Imaging Cherenkov counter (RICH)
for particle identification and two plastic scintillator
charged hodoscopes (CHOD) are located downstream
of the vacuum tank, before the LKr. For further parti-
cle identification two hadronic calorimeters and muon
veto detector (MUV1,2,3) follow the LKr. Additional
counters (MUV0, HASC) installed at optimized loca-
tions provide hermetic coverage for charged particles
produced in multi-track kaon decays. The schematic
layout of the detector is shown in Fig. 1 and the full
detector description can be found in [8].
FIG. 1. Schematic side view of the NA62 experiment.
B. KOTO
The KOTO experiment [12] at J-PARC is a fixed
target detector using primary protons at 30 GeV/c ex-
tracted from the J-PARC Main Ring accelerator and
directed onto a 66 mm-long gold target. The sec-
ondary KL beam, accompanied with neutrons and
photons, with a peak momentum of 1.4 GeV/c is
produced at an angle of 16 degrees with respect to
the nominal beam. A halo of neutrons produced
in the collimators, traveling outside of the nominal
beam solid angle, are present. The decay volume is
a 3 m long chamber evacuated down to 5×10−7 mbar
to suppress pi0 produced in the interactions of beam
neutrons with the residual gas. The signature of
KL → pi0νν¯ are two photons from pi0 and nothing
else, so the main signal detector is an electromagnetic
calorimeter CSI. It consist of 2716 undoped CsI crys-
tals, 50 cm long and 2.5×2.5(5×5) cm2 cross section
within (outside) the central 1.2× 1.2 m2 region, with
a hole in the middle to let the beam particles pass
through. The veto counters outside of the decay re-
gion consist of lead-scintillator sandwich, lead-aerogel,
or undoped-CsI counters for photons and plastic scin-
tillators or wire chambers for charged particles. After
the 2013 Physics run, KOTO implemented several im-
provements to the experimental apparatus. These in-
clude: reduced thickness of the vacuum window from
125 µm to 12 µm; added beam profile monitor for bet-
ter beam alignment; added beam pipe charged veto.
The detailed description of the experimental setup can
be found in [9, 10] and the schematic layout is in Fig.
2.
FIG. 2. Layout of the KOTO experiment. Detector com-
ponents with their abbreviated names written in blue (in
green and underlined) are photon (charged particle) veto
counters.
IV. THE NA62 K+ → pi+νν¯ ANALYSIS
The signature of the signal is one charged track in
GTK compatible with a kaon hypothesis and one in
the detector downstream. Kaon decays and beam-
related activity are sources of background. During
the 2016 data taking, a sample of NK = 1.1(2)× 1011
was collected and further analyzed.
A. Event Selection
The squared missing mass calculated from an up-
stream K+ 4-momentum pK and a downstream pi
+
4-momentum ppi (m
2
miss = (pK − ppi)2) is used to
discriminate kinematically the main K+ decay modes
from the signal. Based on m2miss spectrum, two sig-
nal regions on either side of the K+ → pi+pi0 peak
are defined (see Fig. 3). The signal events must
have a pi+ momentum in the (15,35) GeV/c range.
The distribution of m2miss as a function of the pi
+
momentum from a control data sample is depicted in
Fig. 4. Kinematic selection is not powerful enough
to separate signal from background events, so the ad-
ditional suppression by pi+ identification (ID), pho-
ton and multiplicity rejection is required. The parti-
cle identification is based on the RICH measurement
and a multivariate analysis of calorimetric information
from LKr, MUV1 and MUV2, with MUV3 informa-
tion used as veto. The pi+ ID efficiency within (15,35)
GeV/c momentum range is 78% (82%) using calorime-
ters (RICH), and the corresponding muon mis-ID as
pi+ is 0.6× 10−5 (2.1× 10−3), respectively.
Photon rejection requires no in-time activity in any
of the LAV, IRC, SAC and no additional clusters in
the LKr beyond 100 mm radius around the pi+ im-
pact point. Multiplicity rejection criteria against pho-
tons interacting in the detector material upstream of
the LKr include: no in-time activity in the hodoscopes
unrelated to the pi+ but in spatial coincidence with an
energy deposit of at least 40 MeV in the LKr; no addi-
tional segments reconstructed in the STRAW compat-
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FIG. 3. True m2miss distribution of the K
+ → pi+νν¯
decay together with the main K+ decay modes, computed
under pi+ mass hypothesis in the final state. The signal
(red) is multiplied by a factor of 1010 for a better visibility,
and dashed areas show the signal regions.
FIG. 4. Distribution of the m2miss as a function of the pi
+
momentum based on a control data sample. The main
backgrounds together with the signal regions are high-
lighted.
ible with the decay vertex; no in-time signals in HASC
and MUV0; fewer than four extra signals in the ho-
doscope in time with the pi+. The resulting pi0 → γγ
rejection inefficiency is measured to be 2.5 × 10−8 at
10% (24%) signal loss due to pi+ interactions (acci-
dentals). Photon and multiplicity rejection is also ef-
fective against K+ → pi+pi+pi− and K+ → pi+pi−e+ν
backgrounds.
B. Single Event Sensitivity
The single event sensitivity is defined as SES =
1/(NK · εpiνν), where NK is the number of K+ de-
cays in the fiducial volume and εpiνν is the signal ef-
ficiency, taking into account the selection acceptance,
trigger efficiency and photon plus multiplicity rejec-
tion inefficiency. The particle identification ineffi-
ciency is included in the selection acceptance Apiνν =
(4.0±0.1)%, which is evaluated using MC simulation.
The number of kaons was obtained from the normal-
ization mode K+ → pi+pi0 selected in the same way as
the signal except for photon and multiplicity rejection
and requiring m2miss to be in the pi
+pi0 region.
The SES and the corresponding number of SM
K+ → pi+νν¯ decays expected in the signal regions
are:
SES = (3.15± 0.01stat ± 0.24syst)× 10−10, (2)
Nexppiνν(SM)= 0.267± 0.001stat ± 0.020syst ± 0.032ext.
The systematic uncertainty includes those of Apiνν ,
trigger efficiency, photon and multiplicity rejection in-
efficiency. The external error refers to uncertainties of
the SM parameters.
C. Expected Background and Results
Background from K+ decays in the FV is mainly
due to K+ → pi+pi0(γ), K+ → µ+ν(γ), K+ →
pi+pi+pi− and K+ → pi+pi−e+ν decays. Other
kaon decays give negligible contribution, estimated at
O(10−3). The upstream backgrounds are due to pions
originating upstream of the fiducial volume. They are
produced in: K+ decays between GTK stations 2 and
3, matching an accidental beam particle; elastic scat-
tering of beam pi+ in GTK 2 and 3, matched to an
accidental K+; K+ interactions with beam line mate-
rial, produced either promptly or as a decay product
of a neutral kaon.
The table I gives a summary of all background
sources.
After unmasking the signal regions, one event is
found in Region 2, as shown in Fig. 5.
Considering the observation of one event, the p-
value of the signal and background hypothesis is 15%
and the corresponding observed upper limit is:
BR(K+ → pi+νν¯) < 14× 10−10 at 95% CL. (3)
A detailed description of the analysis procedure and
background estimation can be found in [11].
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TABLE I. Summary of the background estimates summed
over the two signal regions.
Process Expected events in R1+R2
K+ → pi+pi0(γ) IB 0.064± 0.007stat ± 0.006syst
K+ → µ+ν(γ) IB 0.020± 0.003stat ± 0.006syst
K+ → pi+pi−e+ν 0.013+0.017−0.012|stat ± 0.009syst
K+ → pi+pi+pi− 0.002± 0.001stat ± 0.002syst
K+ → pi0µ+ν, K+ → pi0µ+ν < 0.001
K+ → pi+γγ < 0.002
Upstream background 0.050+0.090−0.030|stat
Total Background 0.152+0.092−0.033|stat ± 0.013syst
FIG. 5. Reconstructed m2miss as a function of momentum
of pi+ (markers) satisfying the K+ → pi+νν¯ selection, ex-
cept the m2miss and pi
+ momentum criteria. The grey area
corresponds to the expected distribution of K+ → pi+νν¯
MC events. Red contours define the signal regions.
D. Future Prospects
The 2016 result is based on 2% of the total NA62
exposure in 20162018 and demonstrates the validity of
the decay-in-flight technique in terms of background
rejection and in view of the measurement in progress
using the full data sample. The analysis of 2017
data sample is ongoing with the 2016-like event selec-
tion, hence has a comparable analysis performance.
However, there are some improvements in the treat-
ment of the pileup in IRC and SAC resulting in 40%
lower pi0 rejection inefficiency and slightly improved
usage of RICH variables. The 2017 data set also al-
lows the detailed comparison between signal and back-
ground shapes in the signal regions as a function of pi+
momentum. The preliminary estimations are summa-
rized in table II.
TABLE II. Preliminary estimation of expected SM K+ →
pi+νν¯ events and background contributions based on 2017
data sample.
PRELIMINARY
NK (13± 1)× 1011
SES (0.34± 0.04)× 10−10
K+ → pi+νν¯ 2.5± 0.4
Background
K+ → pi+pi0(γ) IB 0.35± 0.02stat ± 0.03syst
K+ → µ+ν(γ) IB 0.16± 0.01stat ± 0.05syst
K+ → pi+pi−e+ν 0.22± 0.08stat
K+ → pi+pi+pi− 0.015± 0.008stat ± 0.015syst
K+ → pi+γγ 0.005± 0.005syst
K+ → `+pi0ν` 0.012± 0.012syst
Upstream background Analysis on-going
V. THE KOTO KL → pi0νν¯ ANALYSIS
The KOTO experiment collected N(KL) ∼ 2.4 ×
1011 and reached single event sensitivity at the level of
(SES1.3×10−8) in 2013. An upper limit on BR(KL →
pi0νν¯) was set to < 5.1× 10−8 at 90% CL [10].
During 2015 a data set of 2.2 × 1019 protons on
target was collected. The event selection is based
on the pi0 reconstruction of from two clusters above
3 MeV in CSI. The pi0 decay vertex Zvtx and trans-
verse momentum Pt were calculated assuming that
the vertex was on the beam axis. The Zvtx for
signal candidates was required to lie in the range
3000 < Zvtx < 4700 mm to avoid pi
0’s generated by
halo neutrons hitting detector components. The re-
quirement on Pt as a function of Zvtx greatly sup-
presses the background from KL → pi+pi−pi0 decays.
To reduce a class of KL → pi0pi0 decays with miscom-
bination of two photons in the pi0 reconstruction, a re-
quirement on the photons energies ratio and the prod-
uct of their energy and the angle between the beam
axis and their momenta is imposed. The opening an-
gle cut in the transverse plane was required to reduce
the KL → γγ background, in which the photons are
back to back. To select pi0 candidates with plausible
kinematics, allowed regions were set on (Pt/Pz, Zvtx)
and (E,Zvtx) planes, where Pz and E are the longitu-
dinal momentum and energy of the pi0, respectively.
This cut was effective also to reduce the background
from η mesons produced in the halo-neutron interac-
tion with the of plastic scintillator veto-counter for
charged particles (CV) [12] located in front of CSI.
Other neutron-induced backgrounds are upstream pi0
and “hadron cluster”, caused by neutron directly hit-
ting CSI and creating a hadronic shower and by
a neutron produced in the primary shower to create
a second, separated hadronic shower. Table III gives
MonB1700
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a summary of the different background contributions.
TABLE III. Summary of background estimation.
source Expected events in signal region
KL decay
KL → pi+pi−pi0 0.05± 0.02
KL → pi0pi0 0.02± 0.02
Other KL decays 0.03± 0.01
Neutron induced
Hadron cluster 0.24± 0.17
Upstream-pi0 0.04± 0.03
CV-η 0.04± 0.02
Total 0.42± 0.18
After full event selection no signal candidate events
were observed, as shown in Fig. 6. Assuming Pois-
son statistics with uncertainties taken into account,
the upper limit on BR(KL → pi0νν¯) < 3.0 × 10−9 at
90% CL was obtained [13], improving the upper limit
of the direct search by almost an order of magnitude.
FIG. 6. Reconstructed pi0 transverse momentum (Pt) as
a function of its decay vertex position Zvtx. The re-
gion surrounded by red lines is the signal region. Black
markers represent observed events, and the contour in-
dicates the KL → pi0νν¯ signal distribution derived from
the MC simulation. The black (red) numbers represent
observed (expected background) events for the regions in-
side the lines.
The data collected in years 2016-2018 are under
study and the results are expected soon, in the sum-
mer of 2019. The preliminary estimates look very
promising, with SES = 8.2 × 10−10 and total back-
ground of 0.20± 0.16.
VI. OTHER KAON DECAY STUDIES AT
NA62
A search for LFV/LNV in three track kaon de-
cays was performed on data taken during three
months in 2017, which corresponds to about 30% of
the data collected in 2016-2018. The forbidden de-
cays K+ → pi−µ+µ+ and K+ → pi−e+e+ were an-
alyzed. All the details of the analysis can be found
in [14]. The upper limits at 90% CL are BR (K+ →
pi−e+e+) < 2.2 × 10−10 and BR(K+ → pi−µ+µ+) <
4.2 × 10−11. They are improving the current PDG
limits [15] by a factor of three in electron mode and
by a factor of two in muon mode.
A search for HNL was completed on the 2015 data
set and is published in [16]. Upper limits on the HNL
mixing parameters |U`4 |2 at 90% CL were established
in the ranges 170-448 MeV/c2 and 250-373 MeV/c2
for positron and muon modes, respectively, at a level
between 10−7 and 10−6, see Fig. 7. Major improve-
ments are foreseen with the new data taken in years
2016-2018.
FIG. 7. Upper limits on |U`4 |2 at 90% CL obtained for
each assumed HNL mass compared to other experimental
results.
VII. CONCLUSION
The latest results on flavor physics golden modes
K+ → pi+νν¯ and KL → pi0νν¯ are reported.
The charged mode is measured by the NA62 ex-
periment to set the upper limits BR(K+ → pi+νν¯) <
14 × 10−10 at 95% CL [11]. A major improvement is
MonB1700
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foreseen when the already collected data will be fully
analyzed.
The KOTO experiment measured the neutral mode
on 2013 and 2015 data sets. The upper limit on
BR(KL → pi0νν¯) was obtained to be < 5.1 × 10−8
at 90% CL based on 2013 data [10], and BR(KL →
pi0νν¯) < 3.0 × 10−9 at 90% CL from 2015 data set
[13].
The results on HNL and LFV/LNV studies by
the NA62 experiment are also discussed. For
LFV/LNV modes, the upper limits at 90% CL are
BR (K+ → pi−e+e+) < 2.2 × 10−10 and BR(K+ →
pi−µ+µ+) < 4.2 × 10−11 [14]. For HNL upper limits
are set on the HNL mixing parameters |U`4 |2 at 90%
CL [16].
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